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(57) ABSTRACT 

In a three degrees of freedom parallel mechanism, a spindle 
head is carried by first and second movable Support mem 
bers to be movable along a Z-axis and to be pivotable along 
each of A and B-axes. The spindle head is jointed through 
three rods to drive sliders which are movable along three 
parallel linear guides secured stationarily. For jointing, there 
are employed spherical joints and universal joints. Kine 
matic parameters used in converting each command position 
of the movable body to target operational positions for three 
actuators of the Z. A and B-axes are compensated based on 
inversely converted command positions and inversely con 
verted actually measured positions which have been gath 
ered with the spindle head being located at positions of a 
Suitable number, so that the kinematic parameters can be 
updated to those newest. 
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THREE DEGREE OF FREEDOMPARALLEL 
MECHANISM, MULTI-AXIS CONTROL 

MACHINE TOOLUSING THE MECHANISM 
AND CONTROL METHOD FOR THE 

MECHANISM 

0001. This application is based on and claims priority 
under 35 U.S.C. 119 with respect to Japanese Applications 
No. 2006-0.99991 and No. 2006-100002 both filed on Mar. 
31, 2006, the entire contents of which are incorporated 
herein by reference. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The present invention relates to a parallel mecha 
nism for moving and positioning a spindle head or a work 
table of a machine tool with three degrees of freedom and a 
control method for the mechanism. In particularly, it relates 
to a three degree of freedom parallel mechanism and a 
control method for the mechanism which are suitable for the 
application to a milling machine for machining aircraft parts 
or components. 
0004 2. Discussion of the Related Art 
0005. As parallel mechanisms of this kind, there has been 
known one which is disclosed in U.S. Pat. No. 6,431,802 and 
shown in FIG. 10 of the present application. The known 
mechanism (hereafter referred to as first prior art) is 
designed to parallel drive a spindle head 12 by three car 
riages 3 which are driven respectively by three ball screws 
5 in a Z-axis direction. The three carriages 3 and the spindle 
head 12 are jointed by three jointing rods (8, 9). Joint means 
between the carriages 3 and the jointing rods 8 are consti 
tuted by respective pins 10 perpendicular to the Z-axis, 
while joint means between the spindle head 12 and the 
carriages 3 are constituted by respective universal joints 11. 
This mechanism is advantageous because of being simple. 
However, the position and orientation of the spindle head 12 
are detected and controlled at the locations of the three 
carriages 3 which are far away from the spindle head 12, 
whereby dimensional errors in machining the components 
such as the jointing rods 8, 9 and the like lead directly to 
errors in positioning. Further, another problem arises in that 
errors due to thermal deformation of the jointing rods 8, 9 
and the like are unable to compensate. Motion control with 
these errors being left gives rise to a further problem that 
deterioration takes place in positioning error as well as in 
controllability (responsiveness) in positioning control. Fur 
thermore, because of jointing by the pins 10, in other words, 
because the Sum of the degrees of freedom at opposite ends 
of each jointing rod 8 or 9 is four and less than five, there 
arises a further problem that each jointing rod 8 or 9 suffers 
from a bending stress to weaken the mechanism in rigidity. 
0006. A mechanism shown in FIG. 11 is also disclosed in 
European Patent No. EP 1.245.349B. In this mechanism 
(hereafter referred to as second prior art), sliders 4 are 
respectively guided along three guide ways extending in a 
Z-axis direction, and a pair of arms 3 are jointed to each 
slider 4 so that six arms 3 support a head platform 5 
corresponding to a spindle head. Spherical joints 6 and 7 are 
used for jointing each arm 3 with the head platform 5 and the 
associated slider 4. Because of using the spherical joints 6, 
7, this apparatus does not have any bending stress acting on 
each arm 3 and thus, is high in rigidity. However, the 
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position and orientation of the head platform 5 are detected 
and controlled at the locations of the sliders 4 which are far 
way from the head platform 5, whereby dimensional errors 
in machining the components such as the arms 3 and the like 
lead directly to errors in positioning, as is the case of the 
aforementioned first prior art. Another problem also arises in 
that it is unable to compensate for errors caused by the 
thermal deformation of the arms 3 and the like. Motion 
control with these errors being left gives rise to a further 
problem that deterioration takes place in positioning error as 
well as in controllability (responsiveness) in positioning 
control. An addition problem also arises in that a turn range 
for the head platform 5 has to be restricted to a small range 
for the purpose of obviating the interference of each pair of 
the adjacent arms 3 with the associated slider 4 and the 
associated guide way 2. 
0007 Another mechanism shown in FIG. 12 is disclosed 
in Japanese unexamined, published patent application No. 
11-10575. In this mechanism (hereafter referred to as third 
prior art), a mast 1 for detecting the position and orientation 
of an end plate 6 is provided in addition to three links 7 and 
three ball screws 19, wherein the position and orientation of 
the mast 1 is detected in the neighborhood of a base plate 3. 
This mechanism is higher in position detection accuracy 
than the aforementioned two prior art mechanisms. How 
ever, because detections are made at a position away from 
the end plate 6, part dimensional errors in machining the 
mast 1 lead directly to errors in positioning, as is the case of 
the aforementioned two prior art mechanisms. Another prob 
lem also arises in that it is unable to compensate for errors 
caused by the thermal deformation of the mast 1 and the like. 
Motion control with these errors being left gives rise to a 
further problem that deterioration takes place in positioning 
error as well as in controllability (responsiveness) in posi 
tioning control. In the device, the detected positions of the 
mast 1 along three axes (I, 0, (p) are inversely converted for 
feedback to command values to be given to respective 
actuators. Nevertheless, nothing can be done for counter 
measures in the case that kinematic parameters for the 
inverse conversion functions differ from those which should 
be for the actual machine, due to errors in machining 
machine components or due to thermal deformation of the 
machine components. 
0008. In Japanese unexamined, published patent applica 
tion No. 2002-263979, the assignee of the present applica 
tion proposed a parallel mechanism of the type that holds a 
traveling plate by six rods, wherein the calibration for 
kinematic parameters are performed from calculated posi 
tion information and measured position information. How 
ever, the mechanism is not designed to directly detect the 
position of the traveling plate because detectors for the 
present positions which make a base of the measured 
position information are composed of six motor position 
detection encoders and six angle sensors for detecting rota 
tional angles of the respective rods. The mechanism uses 
twelve detectors for position detection and estimates the 
kinematic parameters for a five degree of freedom traveling 
plate, wherein a problem arises in that a large load is 
imposed on the calculation processing. Further, since the 
present position is detected at a place which is away from the 
traveling plate and is used as feedback information in 
control, there arises another problem that the errors involved 
in the kinematic parameters result in compounding the 
positioning errors and in degrading the controllability (re 
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sponsiveness) in positioning control. A further problem 
arises in that the twelve detection axes used therein make the 
mechanism complicated in construction. 

SUMMARY OF THE INVENTION 

0009. It is therefore a primary object of the present 
invention to provide an improved three degree of freedom 
parallel mechanism which is simple in construction, is 
essentially high in rigidity, is wide in the movable range for 
a movable body (spindle head) to turn angularly, and is 
essentially high in absolute accuracy in positioning. 
0010. Another object of the present invention is to pro 
vide an improved three degree of freedom parallel mecha 
nism which is easy to calibrate kinematic parameters and is 
also easy to enhance the controllability (responsiveness) in 
feedback control. 
0011. A further object of the present invention is to 
provide an improved control method and device for a three 
degree of freedom parallel mechanism, capable of obviating 
errors in machining parts constituting the mechanism and 
errors due to the thermal deformation of the parts so that the 
parallel mechanism can be enhanced in positioning accuracy 
and can be improved in the controllability (responsiveness) 
in positioning control. 
0012 Briefly, according to a first aspect of the present 
invention, there is provided a three degree of freedom 
parallel mechanism, which comprises linear guides secured 
to a housing and extending in a Z-axis direction; a movable 
body; a movable body support structure guided by the linear 
guides to be movable along the linear guides in the Z-axis 
direction and supporting the movable body to be pivotable 
along each of A and B-axes which are respectively defined 
about two mutually intersecting pivot axes; and three actua 
tors connected at their one ends to the housing and at their 
other ends to the movable body respectively through rod 
like members for moving the movable body. 
0013 With the construction in the first aspect, respective 
one ends of the rods are jointed to output ends of the 
actuators, while respective other ends of the rods are jointed 
to the movable body. Thus, each of the rod-like members has 
stretch and compression forces acting thereon, but does not 
Suffer from any bending stress, so that the parallel mecha 
nism can advantageously be enhanced in mechanical rigid 
ity. Further, since directly jointed to the movable body are 
only three rod-like members, there can be realized an 
advantage that the movable body such as, e.g., a tool spindle 
head, can have a wider range of pivotal movement without 
suffering from the interference with the linear guides. Fur 
ther, since the movable body is carried by a movable body 
support structure which enables the movable body to be 
movable along the Z-axis and pivotable along each of the A 
and B-axes, the movements of the movable body along each 
axis can be directly detected by position detectors such as, 
e.g., encoders, so that position detections can be attained 
substantially without needs for conversion calculations. This 
results in further advantages that the absolute accuracy in 
positioning is essentially high and that the calibration of the 
kinematic parameters can be done easily. 
0014. In a second aspect of the present invention, there is 
provided a multi-axis numerical control machine tool, which 
comprises a base; a work table provided on the base for 
Supporting a workpiece thereon; a column provided on the 
base, wherein the work table and the column are relatively 
movable on the base in an X-axis direction; a headstock 
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mounted on the column to be movable in a Y-axis direction 
perpendicular to the X-axis direction; a spindle head 
mounted on the headstock; and a tool spindle rotatably 
Supported in the spindle head for receiving a tool in one end 
thereof. The machine tool further comprises the three degree 
of freedom parallel mechanism constructed as set forth in 
the aforementioned first aspect and incorporated in the 
headstock for Supporting the spindle head to be movable in 
an Z-axis direction perpendicular to both of the X-axis 
direction and the Y-axis direction and to be pivotable along 
each of the A-axis and the B-axis which are respectively 
defined about the X-axis and the Y-axis; and a numerical 
control device for controlling linear movements of the 
spindle head relative to the work table in three mutually 
perpendicular directions including the X-axis direction, the 
Y-axis direction and the Z-axis direction and for controlling 
pivotal movements of the spindle head relative to the 
headstock along each of two axes including the A-axis and 
the B-axis which are respectively defined about the X-axis 
and the Y-axis; wherein the headstock and the spindle head 
are respectively constituted by the housing and the movable 
body of the three degree of freedom parallel mechanism. 
0015 With the construction in the second aspect, three 
axes of Z. A and B of the parallel mechanism are added to 
two axes of X and Y, whereby the multi-spindle numerical 
control machine tool with five axes can be realized as, e.g., 
a milling machine or the like. 
0016. In a third aspect of the present invention, there is 
provided a control method for a three degree of freedom 
parallel mechanism which moves a movable body carried by 
three actuators with three degrees of freedom. The method 
comprises a command position inverse conversion step of 
inversely converting command positions of the movable 
body based on kinematic parameters to inversely converted 
command positions for the actuators; an actually measured 
position inverse conversion step of inversely converting 
actually measured positions of the movable body based on 
the kinematic parameters to calculate inversely converted 
actually measured positions of the actuators; a control step 
of feeding the inversely converted actually measured posi 
tions back to the inversely converted command positions to 
control the positions of the movable body; a storage step of 
storing plural sets of inversely converted command positions 
and plural sets of the inversely converted actually measured 
positions respectively corresponding to the plural sets of 
inversely converted command positions; a kinematic param 
eter identification step of identifying the kinematic param 
eters included in inverse conversion expressions for calcu 
lating the inversely converted command positions from the 
command positions, based on the stored plural sets of 
inversely converted command positions and the stored plural 
sets of inversely converted actually measured positions 
corresponding thereto; and a calibration step of compensat 
ing old kinematic parameters by the kinematic parameters 
which have been identified based on the stored plural sets of 
inversely converted command positions and the stored sets 
of inversely converted actually measured positions, at a 
predetermined calibration timing. 
0017. With the construction in the third aspect, since the 
kinematic parameter identification step is executed based on 
the plural sets of inversely converted command positions 
and the corresponding plural sets of inversely converted 
actually measured positions, the kinematic parameters can 
be identified to take into account not only design values but 
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also errors involved in machining the components for the 
parallel mechanism. In addition, since the kinematic param 
eters are compensated or calibrated based on the inversely 
converted command positions and the corresponding 
inversely converted actually measured positions which are 
obtained at every moment, the control is executed in depen 
dence on the present kinematic parameters which are accu 
rate to cope with the thermal deformation of the mechanism 
components, so that the positioning can be done precisely. 
Moreover, since feedback control is executed on the basis of 
the positions which have been calculated by the use of more 
accurate, updated kinematic parameters, the controllability 
(responsiveness) in position control can be remarkably 
improved, thereby resulting in an advantage that the opera 
tional speed and the locus-follow accuracy can be enhanced. 
0018. In a fourth aspect of the present invention, there is 
provided a three degree of freedom parallel mechanism, 
which comprises a movable body carried with three degrees 
of freedom; three actuators connected to the movable body 
for moving the same; a control device connected to the three 
actuators for controlling the three actuators to move the 
movable body with the three degrees of freedom; and three 
movable body position detectors arranged on three axes 
corresponding to the three degrees of freedom or at positions 
which are on lines parallel to the three axes and which are 
in the neighborhood of the movable body, for detecting 
coordinate positions of the movable body in a three-axis 
coordinate system corresponding to the three degrees of 
freedom. The control device comprises command position 
inverse conversion means for inversely converting com 
mand positions for three axes of the movable body based on 
kinematic parameters to calculate inversely converted com 
mand positions for the actuators; actually measured position 
inverse conversion means for inversely converting actually 
measured positions of the movable body, detected respec 
tively by the three movable body position detectors, based 
on the kinematic parameters to calculate inversely converted 
actually measured positions of the actuators; control means 
for controlling the positions of the movable body by driving 
the three actuators while feeding the inversely converted 
actually measured positions back to the inversely converted 
command positions; position storage means for storing 
plural sets of the inversely converted command positions 
and plural sets of the inversely converted actually measured 
positions corresponding respectively thereto: kinematic 
parameter identification means for identifying the kinematic 
parameters included in inverse conversion expressions 
which calculate the inversely converted command positions 
from the command positions, based on the plural sets of 
inversely converted command positions and the correspond 
ing plural sets of inversely converted actually measured 
positions which are stored in the position storage means; and 
calibration means for compensating old kinematic param 
eters by the kinematic parameters which have been identi 
fied based on the stored plural sets of inversely converted 
command positions and the stored plural sets of inversely 
converted actually measured positions, at a predetermined 
calibration timing. 
0019. With the construction in the fourth aspect, since the 
three movable body position detectors for detecting the 
coordinate positions of the movable body are arranged at the 
positions close to the movable body, the thermal deforma 
tion and the like of the members between the movable body 
and the position detectors hardly cause position detection 
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errors to occur, so that the more accurate position of the 
movable body can be detected to be used in feedback 
control. Thus, advantages can be obtained in that not only 
the positioning control becomes more accurate, but also the 
identified kinematic parameters become more accurate. In 
addition, the provision of the calibration means for com 
pensating the old kinematic parameters makes it possible to 
execute the feedback control using the more accurate, 
updated kinematic parameters, whereby it can be attained 
advantageously that not only the responsiveness (quick 
response capability) in control is excellent, but also the 
operation speed and the locus-follow accuracy are high. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0020. The foregoing and other objects and many of the 
attendant advantages of the present invention may readily be 
appreciated as the same becomes better understood by 
reference to the preferred embodiments of the present inven 
tion when considered in connection with the accompanying 
drawings, wherein like reference numerals designate the 
same or corresponding parts throughout several views, and 
in which: 
0021 FIG. 1 is a perspective view of a three degree of 
freedom parallel mechanism in a first embodiment according 
to the present invention; 
0022 FIG. 2 is another perspective view of the three 
degree of freedom parallel mechanism, which view explains 
inverse conversion expressions for calculating the position 
U of a drive slider located at an upper part of the figure; 
0023 FIG. 3 is a block diagram of a control device which 
inversely converts a spindle head position (Z, A, B) into 
actuator positions (U, U3, U.) for feedback control; 
0024 FIG. 4 is a block diagram of the control device in 
a modified form of the first embodiment according to the 
present invention; 
0025 FIG. 5 is a flow chart showing a processing for 
performing steps to identify kinematic parameters; 
0026 FIG. 6 is a flow chart of a processing for position 
ing the machine to plural particular positions necessary for 
identification of kinematic parameters and for identifying 
the kinematic parameters from position information which is 
given from encoders at each positioning; 
(0027 FIG. 7 is a perspective view of a three degree of 
freedom parallel mechanism in a second embodiment 
according to the present invention; 
0028 FIG. 8 is a perspective view of a three degree of 
freedom parallel mechanism in a third embodiment accord 
ing to the present invention; 
0029 FIG. 9 is a perspective view of a horizontal milling 
machine incorporating the three degree of freedom parallel 
mechanism in the first embodiment shown in FIG. 1, with 
several parts therein being illustrated transparently; 
0030 FIG. 10 is a perspective view partly in section of 

first prior art; 
0031 FIG. 11 is a perspective view of second prior art; 
and 
0032 FIG. 12 is a perspective view of third prior art. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0033 FIG. 1 is a perspective view of a three degree of 
freedom parallel mechanism in a first embodiment according 
to the present invention. Three linear guides 21 are secured 



US 2007/0248428A1 

to an internal Surface of a cylindrical housing Such as, e.g., 
that indicated at 94 in FIG. 9. The three linear guides 21 
extend in parallel to one another in a Z-axis direction and are 
circumferentially arranged at equiangular intervals or at 
120-degree intervals about an axis parallel to the Z-axis 
direction. Three follow sliders 22 are provided and guided 
along the three linear guides 21 to be movable in the Z-axis 
direction. An annular first movable support member 23 is 
secured to the three follower sliders 22. Thus, the first 
movable support member 23 is movable only in the Z-axis 
direction. A linear encoder 45 is built in one of the three 
follower sliders 22 to serve as Z-axis position detector for 
detecting the Z-axis position of the first movable Support 
member 23. 

0034. A pair of pivot shafts 24 are provided on the first 
movable support member 23 to extend radially inward on an 
axis which extends in, e.g., an X-axis direction. The pivot 
shafts 24 define an A-axis thereabout and Support a second 
movable support member 25 for pivotable movement along 
the A-axis. The second movable support member 25 is also 
an annular component. The pivotal position of the second 
movable support member 25 is detected by a rotary encoder 
47 provided together with one of the pivot shafts 24. The 
rotary encoder 47 constitutes an A-axis position detector for 
detecting the position of the second movable Support mem 
ber 25 along the A-axis defined about the pivot shafts 24. 
0035. A pair of center pivot shafts 26 extend radially 
inward from an internal Surface of the second movable 
Support member 25 to pass across the center of the same in 
a direction perpendicular to the axis of the pivot shafts 24 
which define the aforementioned A-axis thereabout. The 
center pivot shafts 26 are rotatably carried on the second 
movable support member 25 through respective rotary joints 
27, 27. A rotary encoder 46 is built in one of the rotary joints 
27 and detects the pivotal position of the center pivot shafts 
26. The rotary encoder 46 built in the rotary joint 27 
constitutes a B-axis position detector for detecting the 
pivotal position along a B-axis which is defined about an 
axis extending in, e.g., a Y-axis perpendicular to the X-axis. 
Thus, a movable body support structure is constituted by the 
aforementioned first movable support member 23, second 
movable support member 25, pivot shafts 24 and center 
pivot shafts 26. 
0036) A spindle head 30 is fixed on radially inner ends of 
the center pivot shafts 26. The spindle head 30 constitutes a 
movable body, which is linearly movable in the Z-axis 
direction and is pivotable along each of the A and B-axes. In 
other words, the spindle head 30 is prevented from being 
linearly moved in the Y-axis and the X-axis about which the 
aforementioned B and A-axes are defined respectively, and 
from being rotated along a C-axis which is defined about the 
aforementioned Z-axis. The spindle head 30 generally takes 
a cylindrical shape and rotatably carries a tool spindle (not 
shown) therein which is capable of removably receiving and 
securing thereto a machining tool 31 Such as, end mill, 
grinding tool or the like, as well-known in the art. A spindle 
drive motor (not shown) is built in the spindle head 30 and 
drives the tool spindle together with the machining tool 31 
for machining (cutting or grinding) a workpiece (not 
shown). Thus, the spindle head 30 is pivotable around the 
crossing point of the Yand X-axes which respectively define 
the B-axis and the A-axis thereabout and the tool spindle 
extends to across the crossing point in the Z-axis direction. 
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0037. On the other hand, aside from the follower sliders 
22, drive sliders 33 are arranged on the three linear guides 
21 to be movable linearly. Each drive slider 33 is connected 
to an output end of a linear actuator 34 whose one end is 
secured to the associated linear guide 21, and is linearly 
movable in the Z-axis direction. An actuator axis servomotor 
38 is built in each linear actuator 34. The respective drive 
sliders 33, 33, 33 and rear end portions of the spindle head 
30 are jointed by respective rods 35, 35, 35. That is, each 
drive slider 33 and each rod 35 is jointed by a spherical joint 
36 having three degrees of freedom, while each rod 35 and 
the spindle head 30 are jointed by a universal joint 37 having 
two degrees of freedom. 
0038 Here, symbols U1, U and U respectively repre 
sent the position coordinates of the three drive sliders 33,33, 
33 in the Z-axis direction, and linear encoders 41-43 for 
detecting the position coordinates are respectively built in 
the drive sliders 33, 33, 33. Further, it is described earlier 
that the linear encoder 45 for detecting the Z-axis position of 
the spindle head 30 is built in one of the follower sliders 22, 
that the rotary encoder 46 for detecting the B-axis position 
coordinate is built in the rotary joint 27 and that the rotary 
encoder 47 for detecting the A-axis position coordinate is 
built in the pivot shaft 24. It is an advantage of the present 
embodiment that in this way, the positions (Z, A, B) of the 
spindle head 30 are directly detected by the respective 
position detectors 45, 46, 47 each constituted by an encoder. 
For this reason, the accuracy in detecting the present posi 
tion of the spindle head 30 can be enhanced essentially. 
0039. Therefore, it can be realized to control the positions 
along the Z. A and B-axes of the spindle head 30 by driving 
the three linear actuators 34, 34, 34 to control the positions 
(U-U) of the three drive sliders 33,33, 33 along the Z-axis. 
For example, when the three drive sliders 33,33, 33 (U-U) 
are simultaneously moved by the same distance in the 
negative-going direction, the spindle head 30 is moved in the 
direction of -Z with the posture or orientation thereof 
remaining as it is or unchanged. Further, when the drive 
slider 33 (U) on the linear guide 21 located on an upper side 
in the figure is advanced and when the drive sliders 33, 33 
(U2, U) on the linear guides 21, 21 located on a lower side 
in the figure are retracted at the same time, the spindle head 
30 is turned along the A-axis (i.e., about the X-axis). 
Kinematic parameters P which are determined by the lengths 
of the rods 35, the jointing positions on the spindle head 30 
and the like determine how the position and orientation of 
the spindle head 30 are changed in dependence on the 
positions (U-U) of the three drive sliders 33, 33, 33. In 
other words, the Z, A and B-axes positions of the spindle 
head 30 can be expressed by the function of the positions 
(U-U) of the three drive sliders 33, 33, 33 and the 
kinematic parameters P for the parallel mechanism. 
0040. Next, description will be made regarding inverse 
conversion expressions for calculating the positions (U-U) 
on the Z-axis of the three linear actuators 34, 34, 34 or the 
three drive sliders 33,33, 33 from the coordinates (Z, A, B) 
of the spindle head 30. 
0041 FIG. 2 is a perspective view of the three degree of 
freedom parallel mechanism used in explaining the inverse 
conversion expressions for calculating the position U of the 
drive slider 33 located on an upper side in the figure. The 
machining tool 31 is mounted on the spindle head 30. The 
coordinate of the pivotal center for the spindle head 30 is 
designated as symbol O. The jointing position of the rod 35 
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is S as viewed in a traveling plate coordinate system and 
is S as viewed in a global coordinate system. Symbols S, 
S and U respectively denote the front end coordinate of the 
linear guide 21, the rear end coordinate of the liner guide 21 
and the coordinate of the drive slider 33. The length of the 
rod 35 is denoted as RL. 
0042. The pivotal center coordinate O of the spindle head 
30 is expressed by Expression 1. 

O Expression 1 

2. 

0043. The jointing position S of the rod 35 as viewed 
in the traveling plate coordinate system is expressed by 
Expression 2. 

XS Expression 2 

SoT = 
3S 

0044 Thus, the jointing position S as viewed in the 
global coordinate system is expressed by Expression 3. 

SFRO-ST Expression 3 

0045. Here, symbol R is a matrix expressed by Expres 
sion 4. 

cosB O sinB 1 O O Expression 4 

R= O 1 O O coSA -sinA 

-sin B O cosBO sinA cosA 

0046 Taking the positions of opposite ends of the linear 
guide 21 respectively as S and S and applying the theorem 
of cosines to a triangle which is made by a side So-S, a side 

of (X, P du, = 2, 
of (X, P) 

dUs = -r, 

on the rod 35 and a side S-U (U: position of the drive 
slider 33), the length RL of the rod 35 is expressed as 
Expression 5. 

S21. So 
S21 

( . S2 = S2 - S1, S10 = S - So) 

Expression 5 
RL = So? + U+2U Exp 

0047. Here, the reason why the last cosine term is + (plus) 
is because S-S-S is an inverse vector. 
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0048. The following Expression 6 can be obtained by 
transforming Expression 5 for the actuator coordinate U. 

Xpression 6 s, so sets ris EP 
S21 

-S2, S10+ 

0049. Here, the actuator coordinate U can be obtained as 
the function of the position X=(Z, A, B) of the spindle head 
30 and hence, is expressed by Expression 7. 

0050 Here, the vector P expressed by the following 
Expression 8 is kinematic parameters which define the 
geometrical relation between the actuator positions U-U 
and the position and orientation X=(Z, A, B) of the spindle 
head 30 and for example, is “kinematic parameters' indi 
cating the length of the rod 35, the jointing position on the 
spindle head 30 and the position, angle and the like of the 
drive slide 33. Here, symbol “n” is the number of the 
kinematic parameters. 

Expression 7 

P=(P1, P2, ..., P.) 

0051. Next, identification calculations or processing for 
the kinematic parameters will be described. The spindle 
head position X, is expressed by Expression 9. 

Expression 8 

0052 Here, since “i” includes 1 to k, the spindle head 
positions at k-portions are expressed. 
0053. The inverse conversion expression for the actuator 
coordinates U-U, at a spindle head position Xi can be 
expressed by Expression 10. 

Expression 9 

U = f(X, P) Expression 10 
U2 = f(X, P) 
U3 = f(X, P) 

0054 Then, by totally differentiating this expression for 
respective kinematic parameters, there can be obtained 
Expression 11. 

f(XP f(X; P Expression 11 1 + f(Xi, ldP, ... + if (X, 2dP, Expression 11 
8 P. 8 P. 

of (X, P) of (X, P) 
1 + 8 P. dP +...+ 8 P. dP, 

of (X, P) of (X, P) 
1 + 3P dP +...+ 3P, dP, 

0055. This results in obtaining the aforementioned 
expressions of k-sets for the spindle head positions of the 
number k. That is, inverse conversion expressions of the 
number 3k can be obtained for the spindle head positions of 
the number k. The number k of the spindle head positions is 
determined so that there can be obtained inverse conversion 

expressions of the number which is greater than the number 
n of the kinematic parameters (i.e., there becomes ne3k). 
Expression 12 is obtained by expressing these in the form of 
a matrix. 
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dU Expression 12 
dU21 
dU31 
dU2 = 
dU22 

of (X1. P) of (X, P) of (X1. P) 
8 P. 8 P. 8 P. 

df (X1. P) of (X1. P. of (X1. P. 
8 P. 8 P. 8 P. dP, 

of (x1, P) of (x1, P. of (x1, P| 
3P 3P 3P, dP, 

of (X2. P) of (X2. P) of (X2. P. dP4 
8 P. 8 P. 8 P. dPs 

df (X2. P) of (X2. P. of (X2. P. 
ap, of op. In 

ofs (Xk. P) of (X, P) of (Xk. P) 

0056 Expression 12 is rewritten to be expressed as 
Expression 13. 

0057 Accordingly, the parameter errors dP become 
Expression 14 as a solution given by the least squares 
method. 

Expression 13 

dp=J*dU Expression 14 

Here, symbol “J” is a pseudo inverse matrix and is calcu 
lated by, e.g., Expression 15. 

0058 
(p=(fl.J)-1 ft) Expression 15 

0059. The technique of the least squares method is 
employed to calculate parameter errors dP. Thus, estimated 
values P1 of the kinematic parameters at the first time are 
calculated as expressed by Expression 16. 

P=Podpo 

0060 Since the function f is nonlinear, the estimated 
values P1 calculated at the first time are taken as new 
kinematic parameters and then, the aforementioned calcu 
lations are repeated as Expressions 17, and convergent 
calculations are executed so that the parameter errors dip 
become less than a predetermined tolerable value e. 

Expression 16 

P =P+dp Expression 17 

P =P+dp2 

0061 FIG. 3 is a block diagram of a control device 
(preferably a computer numerical control device) for 
inversely converting each spindle head position (Z, A, B) 
into the actuator positions (U-U) and for performing 
feedback control. Each spindle head position command 
position X (Z, A, B) and encoder values X' (Z, A, B) from 
the respective encoders 51 (45, 46 and 47 shown in FIG. 1) 
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are inversely converted by respective inverse conversion 
means 52, 53 to actuator coordinates U (U-U) and U 
(U-U") respectively. The inversely converted command 
positions U and encoder values U are inputted to adders 54 
for Subtraction on an axis-by-axis basis, and the differences 
are taken (i.e., feedbacks are made) to be outputted as 
position errors. The position errors are multiplied by posi 
tion loop gains Kipp by respective position proportional gain 
amplifiers 55 to be outputted. The outputs from the position 
proportional gain amplifiers 55 are fed to adders 56 to take 
the differences from velocity outputs of the respective axes 
by being given velocity feedbacks. The outputs from the 
adders 56 are multiplied by velocity loop gains Kvp at 
respective velocity proportional gain amplifiers 57 and are 
fed to servo-amplifiers (not shown) to drive actuator axis 
servomotors 58 (those 38, 38, 38 in FIG. 1). The velocity 
outputs from the actuator axis servomotors 58 are fed back 
to the adders 56, respectively. The respective axes are moved 
by the outputs of the actuator axis servomotors 58, whereby 
the actuator axis encoder values U-U change. That is, this 
is expressed as integral processing of the Velocity outputs. 
0062 FIG. 4 is a block diagram of the control device in 
a modified form. Components which are same as those in 
FIG. 3 are given the same reference numerals, and descrip 
tion of Such same components is omitted for the sake of 
brevity. In the example shown in FIG. 3, the feedback 
information of the velocity loops are taken from the velocity 
outputs of the actuator axis servomotors 58. However, in this 
modified form, the velocity information is obtained by 
differentiating at differentiators 60 the inversely converted 
values U of the spindle head position encoder values X and 
is returned as velocity feedback values to the respective 
adders 56. 

0063 Although in the block diagrams shown in FIGS. 3 
and 4, the adders 54, 56, the amplifiers 55, 57 and the like 
are illustrated and described as if they exist as hardware 
components, it is needless to say that the functions of these 
components can all be realized by the function of a MPU 
(microprocessor, not shown). 
0064 FIG. 5 is a flow chart showing a program for 
executing the identification processing for the kinematic 
parameters P. Upon starting of the processing, first of all, the 
coordinate values (i.e., Z, A, B) of a commanded position at 
that time are stored at step S01. Then, at step S02, the 
encoder detection positions at that time are stored. Subse 
quently, at step S03, judgment is made of whether or not the 
present time is a time when the kinematic parameters are to 
be identified. The judgment of whether or not the time is 
when the identification is to be performed differs in depen 
dence on the kinds or types of a machine tool to be used and 
a workpiece to be machined. For example, the judgment is 
performed when data of a certain quantity has been stored 
and cumulated or when the machining of several workpieces 
has been finished. If the judgment result is NO, return is 
made to step S01 to continue the accumulation or gathering 
of information, while if the judgment result becomes YES, 
the routine is advanced to step S04 to execute the identifi 
cation processing of the kinematic parameters. 
0065. The parameter errors dPare calculated by Expres 
sion 14 at step S04. In calculating the parameter errors dB. 
the technique of the least squares method is used for the 
calculation from the information which is high in redun 
dancy. Next, at step S05, the compensation or calibration of 
the kinematic parameters P is performed by adding the 
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calculated parameter errors dP to the preceding kinematic 
parameters P. This is the processing by Expression 16. Then, 
at step S06, it is judged whether or not each parameter error 
dP is smaller than a tolerable value e. If the result of the 
judgment is NO because of being greater than or equal to the 
tolerable value e, return is made to step S04, wherein new 
parameter errors dPare calculated based on the compensated 
kinematic parameters P. Then, the calculated parameter 
errors dPare added to the preceding kinematic parameters P 
to compensate or calibrate the kinematic parameters Pagain. 
Steps S04 through S06 are repeated many times until each 
parameter error dP becomes smaller than the tolerable value 
e. These processing correspond to the convergence calcula 
tions using Expression 17. 
0066. When the parameter errors dP become smaller than 
the tolerable value e as a result of the convergence calcu 
lations, step S07 is reached, wherein the converged new 
kinematic parameters Pare stored. Next, step S08 is held to 
wait for the finish of machining a workpiece presently under 
machining. The reason of waiting for the finish of the 
machining is to avoid the probability that the changing of the 
kinematic parameters P during the machining of one work 
piece would result in forming a tiny step on a finished 
Surface of the workpiece. Upon completion of the machin 
ing, step S09 is reached, wherein the kinematic parameters 
P are updated to replace those old. Then, the identification 
processing is terminated. This processing is advantageous in 
that the gathering of the position information for identifica 
tion is carried out during the machining operations of a 
machine tool, which incorporates the parallel mechanism as 
described later with reference to FIG. 9, so that thermal 
displacement of machine tool components during the 
machining operations can be taken into the kinematic 
parameters P. 
0067. The aforementioned processing from step S01 
through S09 is programmed to accumulate or gather position 
information during the machining of the workpiece. In a 
modified form, the position information gathering may be 
performed in a non-machining state. More specifically, in 
the state that the machining is not performed, movable 
bodies such as the spindle head 30 and the like of the 
machine tool may be positioned at each of plural particular 
positions, and the identification of the kinematic parameters 
P may be carried out based on the position information 
which is gathered at Such positioning. The plural particular 
positions include the combinations of Z=0, -100, -200 
(unit: millimeters); A=-30, -15, 0, +15, +30 (unit: degrees); 
B=-30, -15, 0, +15, +30 (unit: degrees). The combinations 
create coordinates of 3x5x5-75, and this enables the inverse 
conversion expressions to gather position information of 
75x3-225 sets. The identification of the kinematic param 
eters can be performed using these expressions. Usually, the 
number of the expressions is made to be greater than the 
number of the kinematic parameters, and the least squares 
method is utilized to minimize the influence by measured 
COS. 

0068 FIG. 6 is a flow chart for positioning the machine 
to plural particular positions necessary for identification of 
kinematic parameters and for identifying the kinematic 
parameters from position information which is given from 
encoders at the respective positions. It is assumed that the 
aforementioned seventy-five (75) coordinates are used as the 
plural particular positions. At step S11, waiting is continued 
for the time to identify the kinematic parameters. As the time 
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to identify the kinematic parameters, there may be chosen a 
time at which the machine tool begins to operate, a time at 
which a next kind of workpieces are to be machined sub 
sequent to the completion of a certain kind of workpieces, or 
the like. At step S12, each axis is moved to a coordinate 
which is of the seventy-five coordinates and at which the 
measurement is to be performed next. Then, the commanded 
position for each axis (i.e., each of the Z. A and B-axes) is 
stored at step S13, and the measured position by each axis 
encoder is stored at Step S14. Thereafter, judgment is made 
at step S15 of whether or not the gathering of the position 
information has been completed on all of the seventy-five 
coordinate positions to be identified. If the gathering has not 
been completed yet, return is made to step S12 to repeat the 
gathering of the identification information. Upon completion 
of the gathering, the routine is moved from step S15 to step 
S16. 

0069 Steps S16 through S19 are completely the same as 
steps S04 through S07 in FIG. 5. That is, errors of the 
kinematic parameters Pare calculated the kinematic param 
eters P are compensated or calibrated, and convergence 
calculations are performed until the errors become less than 
the tolerable value e. Then, the compensated new kinematic 
parameters P are stored. Finally, at step S20, the preceding 
kinematic parameters P are replaced by the new kinematic 
parameters P, after which the processing is terminated. In 
this processing, the spindle head 30 is moved and positioned 
to positions to which it is seldom moved during ordinary 
machining, and the identification information is gathered 
with the spindle head 30 or the machine tool being well 
balanced. Therefore, the processing is advantageous in that 
the convergence calculations can be made speedily. 
(0070 FIG. 7 is a perspective view of a three degree of 
freedom parallel mechanism in a second embodiment 
according to the present invention. Components which are 
the same as those in FIG. 1 are designated by the same 
reference numerals, and description of Such components is 
omitted for the sake of brevity. In this embodiment, the 
position and orientation of the spindle head 30 are controlled 
not by the rods 35 but by three telescopic linear actuators 73. 
The three telescopic linear actuators 73 are attached to a 
platform 72 through universal joints 72 each having two 
degrees of freedom. The platform 72 is a part of a housing 
which is indicated at 94 in FIG.9 for example or is a member 
bodily secured to the housing. Each telescopic linear actua 
tor 73 is provided with a drive servomotor 74 with an 
encoder (not shown), and an output rod 75 of the actuator 73 
is telescopically moved in dependence on the rotational 
position of the drive servomotor 74 with the encoder. The 
output rods 75 of the actuators 73 are connected to rear end 
portions of the spindle head 30 respectively through spheri 
cal joints 76 having three degrees of freedom. The position 
and orientation of the spindle head 30 are controlled by 
telescopically operating the three telescopic linear actuators 
73. The present embodiment is advantageous in that the 
components for constructing the three degree of freedom 
parallel mechanism can be reduced in number. 
(0071 FIG. 8 is a perspective view of a three degree of 
freedom parallel mechanism in a third embodiment accord 
ing to the present invention. Components which are the same 
as those in FIG. 1 are designated by the same reference 
numerals, and description of Such components is omitted for 
the sake of brevity. In this embodiment, three rotary actua 
tors 82 are attached to a platform 81, which is a part of a 
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housing which is indicated at 94 in FIG.9 for example or is 
a member bodily secured to the housing. Each rotary actua 
tor 82 has built therein a rotary encoder for detecting the 
rotational position of the rotary actuator 82. A first lever 83 
is secured to an output end of each rotary actuator 82 to be 
pivotable bodily with the same. A universal joint 84 having 
two degrees of freedom is jointed to an end of each first lever 
83, and a second lever 85 is connected to the universal joint 
84 The second levers 85 are jointed to rear end portions of 
a spindle head 30 respectively through spherical joints 86 
each having three degrees of freedom. The position and 
orientation of the spindle head 30 are controlled by driving 
the three rotary actuators 82 to turn the three first levers 83. 
The present embodiment is advantageous in that it can be 
realized to construct the three degree of freedom parallel 
mechanism by the use of the rotary actuators 82. 
0072 FIG. 9 is a perspective view of a horizontal milling 
machine incorporating the three degree of freedom parallel 
mechanism which has been described in the first embodi 
ment with reference to FIG. 1, with several parts in the figure 
being illustrated transparently. A column 92 is provided 
upright on a bed or base 91. A headstock 94, referred to 
earlier as housing, is guided on a pair of guides 93, 93 which 
are provided on the column 92 to extend in the Y-axis 
direction, and is movable in the Y-axis direction. The 
headstock 94 is controllably driven by a Y-axis servomotor 
95. The three degree of freedom parallel mechanism which 
has been described earlier with reference to FIG. 1 is 
incorporated in the headstock 94. That is, the three linear 
guides 21 are fixed on the headstock 94. The three rods 35 
are operated by the drive sliders 33 guided on the linear 
guides 21 and driven by the linear actuators 34, and the 
position (Z, A, B) of the spindle head 30 and the distal end 
of the tool 31 are controllable by the three rods 35. 
0073. Further, a work table 96 is mounted on the base 91, 
and a pair of guides 97.97 extending in the X-axis direction 
slidably guide a work table 96 in the X-axis direction. The 
table 96 is controllably driven by an X-axis servomotor 98. 
Accordingly, the machine tool is constructed as a machine 
tool which is controllable along five control axes including 
X, Y, Z, A and B. 
0074 Various features and many of the attendant advan 
tages in the foregoing embodiments will be summarized as 
follows: 

0075. In the parallel mechanism in the foregoing first 
embodiment typically shown in FIG. 1, respective one ends 
of the rods 35 are jointed to output ends of the actuators 34, 
while respective other ends of the rods 35 are jointed to the 
movable body 30. Thus, each of the rods 35 has stretch and 
compression forces acting thereon, but does not suffer from 
any bending stress, so that the parallel mechanism can be 
advantageously enhanced in mechanical rigidity. Further, 
since directly jointed to the movable body 30 are only three 
rods 35, there can be realized an advantage that the movable 
body 30 such as, e.g., a tool spindle head, can have a wider 
range of pivotal movement without Suffering from the 
interference with the linear guides 21. Further, since the 
movable body 30 is carried by a movable body support 
structure 22-26 which enables the movable body 30 to be 
movable along the Z-axis and to be pivotable along each of 
the A and B-axes, the movements of the movable body 30 
along each axis can be directly detected by position detec 
tors 45-47 Such as, e.g., encoders, so that position detections 
can be attained with the calculation for conversion being 
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hardly needed. This results in further advantages that the 
absolute accuracy in positioning is essentially high and that 
the calibration of the kinematic parameters can be done 
easily. 
0076 Also in the parallel mechanism in the foregoing 

first embodiment typically shown in FIG. 1, the three 
movable body position detectors 45-47 are provided to 
detect the position of the movable body 30, and the position 
and orientation (those positions along the Z. A and B-axes) 
of the movable body 30 can be detected directly, so that it 
can advantageously be realized to heighten the positioning 
accuracy as well as the controllability (responsiveness). 
0077 Also in the parallel mechanism in the foregoing 

first embodiment typically shown in FIG. 1, the first and 
second movable support member 23, 25 constitute a univer 
sal joint which is carried to be movable in the Z-axis 
direction. Thus, the mechanism can be structured to be 
movable in each of the three axes including the Z. A and 
B-axes and to be highly rigid in any other directions. 
Additionally, it can advantageously become easier to 
directly detect the positions on the three axes including the 
Z, A and B-axes. 
0078. Also in the parallel mechanism in the foregoing 

first embodiment typically shown in FIG. 1, the three 
actuators comprises linear actuators 34 for moving the three 
drive sliders 33 in the Z-axis direction, the three drive sliders 
33 are jointed to the movable body 30 respectively through 
the three rods 35, and the joint 36 provided on one end of 
each rod 35 is a joint with three degrees of freedom while the 
joint 37 on the other end is a joint with two or more degrees 
of freedom. With this construction, each rod 35 becomes 
movable with five or more degrees of freedom and only has 
stretch and compression forces without Suffering from any 
bending stress, so that the drive mechanism can advanta 
geously be enhanced in rigidity. Thus, it does not take place 
that the kinematic parameters P are fluctuated due to the 
bending deformation of each rod 35, and this advanta 
geously results in improving the controllability (responsive 
ness) of the three degree of freedom parallel mechanism. 
0079 Also in the parallel mechanism in the foregoing 

first embodiment typically shown in FIG. 1, the three 
movable body position detectors 45-47 are arranged at 
positions closer to the movable body 30 than the positions 
where the actuator position detectors 41-43 are arranged, 
and the feedback control means (FIG. 4 or 5) is provided to 
perform the feedback controls of the three actuators 34 
based on the information from the three movable body 
position detectors 45-47. With this construction, since the 
three movable body position detectors 45-47 are arranged in 
the neighborhood of the movable body 30, distances from 
the movable body 30 to the movable body position detectors 
45-47 are shortened, so that the positions along the three 
axes of the movable body 30 can be detected accurately. 
Thus, the actuators 34 and hence, the rods 35 can be 
controlled based on the accurate position information on the 
three axes including the Z. A and B-axes, so that there can 
be realized a three-axis feedback control which is accurate 
and improved in controllability. 
0080. Also in the parallel mechanism in the foregoing 

first embodiment typically shown in FIG. 1, the positions of 
the movable body 30 along the three axes (Z, A and Baxes) 
can be directly detected by the movable body position 
detectors 45-47 on the respective axis. 
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0081. Also in the parallel mechanism in the foregoing 
first embodiment typically shown in FIG. 1, the linear guides 
comprise three parallel linear guides 21, and the three 
actuators 34 are constructed bodily with the three linear 
guides 21 and drive the drive sliders 33 on the linear guides 
21. With this construction, each linear guide 21 is shared by 
a part for guiding the movable Support structure 22-26 in the 
Z-axis direction and another part for guiding the drive slider 
33 in the Z-axis direction, so that the three degree of freedom 
parallel mechanism can advantageously simplified in con 
struction. 

0082 Also in the parallel mechanism in the foregoing 
first embodiment typically shown in FIG. 1, the linear guides 
comprise three parallel linear guides 21 which are circum 
ferentially arranged at equiangular intervals or 120-degree 
intervals about an axis parallel to the Z-axis, the first 
movable support member 23 is an annular member which is 
secured to the three linear sliders 22 guided along the three 
linear guides 21, the second movable support member 25 is 
an annular member pivotably carried by the pair of pivot 
shafts 24 which are provided to protrude radially inward 
from the first movable support member 23, and the movable 
body 30 is a head housing member pivotably carried by the 
pair of pivot shafts 26 which are provided to protrude 
radially inward from the second movable support member 
25 perpendicularly to the pair of pivot shafts 24. With this 
construction, it becomes possible to provide a mechanism 
which enables the movable body 30 to be movable on each 
of three axes (Z, A and B-axes) and which is simple and has 
increased rigidity in any other axis directions. The equian 
gular arrangement makes even the forces imposed on the 
three linear sliders 21, so that the parallel mechanism can 
advantageously be well balanced. 
0083. Also in the parallel mechanism in the foregoing 

first embodiment typically shown in FIG. 1, since the three 
linear actuators 34 and the three rods 35 are arranged at 
equiangular intervals or 120-degree intervals about the axis 
in parallel to the Z-axis direction, the forces imposed on the 
three linear sliders 21 are made to be even with one another, 
so that the parallel mechanism can advantageously be well 
balanced. 

0084. Also in the parallel mechanism in the foregoing 
first embodiment typically shown in FIG. 1, the B-axis 
position detector 46 and the A-axis position detector 47 are 
arranged respectively on axes (Y and X-axes) which respec 
tively define the B-axis and the A-axis thereabout and which 
intersect perpendicularly with each other, the Z-axis position 
detector 45 is arranged on a Surface which includes an 
intersection point between the axes respectively defining the 
B-axis and the A-axis thereabout and which is perpendicular 
to the Z-axis direction, and the intersection point is adjacent 
to the axis of the movable body 30. Thus, it can be realized 
to detect the positions of the movable body 30 on each of 
three axes (Z, A and B-axes) more directly, so that the 
position control of the movable body 30 can be done 
precisely and easily. 
0085 Also in the parallel mechanism in the foregoing 

first embodiment typically shown in FIG. 1, since the 
spherical joint 36 with three degrees of freedom is used to 
joint each drive slider 33 to each rod 35, while the universal 
joint 37 with two or more degrees of freedom is used to joint 
each rod 35 to the movable body 30, the number of the 
freedoms at opposite ends of each rod 35 becomes five in 
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total, so that it can be easily realized to make Zero the 
bending moment imposed on each rod 35. 
I0086. In the parallel mechanism in the foregoing second 
embodiment typically shown in FIG. 7 the three actuators 
comprises three telescopic linear actuators 73 whose respec 
tive one ends are jointed to three portions of the housing 71 
respectively through the universal joints 72 and whose 
respective output ends are jointed to the movable body 30 
respectively through the spherical joints 76. With this con 
struction since the three telescopic linear actuators 73 play 
the functions of the rods 35 as used in the foregoing first 
embodiment without using the drive sliders 33 as used in the 
foregoing first embodiment, the three degrees of freedom 
parallel mechanism can be further simplified in construction. 
I0087. In the parallel mechanism in the foregoing third 
embodiment typically shown in FIG. 8, the three actuators 
comprises three rotary actuators 82 secured to three portions 
of the housing 81, wherein three first link levers 83 are 
secured at respective one ends thereof to the output ends of 
the three rotary actuators 82 and wherein three second link 
levers 85 are respectively jointed at one ends thereof to the 
first link levers 83 through the universal joints 84 and at 
other ends thereof to the movable body 30 respectively 
through the spherical joints 86. With this construction, it can 
be realized to provide the three degrees of freedom parallel 
mechanism using the rotary actuators 82. 
I0088. In the modified form of the foregoing first embodi 
ment shown in FIG. 9, the multi-axis numerical control 
machine tool is realized by incorporating the three degree of 
freedom parallel mechanism constructed as described in the 
foregoing first embodiment into the headstock 94, wherein 
the parallel mechanism supports the spindle head 30 to be 
movable in the Z-axis direction perpendicular to both of the 
X-axis direction and the Y-axis direction and to be pivotable 
along each of the B-axis and the A-axis which are defined 
respectively about the Y and X-axes perpendicular to each 
other. Thus, it becomes possible to apply the multi-axis 
numerical control machine tool as a milling machine or the 
like. 

I0089. Further, in the control method for a three degree of 
freedom parallel mechanism in the foregoing first embodi 
ment typically shown in FIG. 5, since the identification step 
(S04-S06) of identifying the kinematic parameters P is 
executed based on the plural sets of inversely converted 
command positions (step S01) and the corresponding plural 
sets of inversely converted actually measured positions 
(S02), the kinematic parameters P can be identified to take 
into account not only design values but also errors dP 
involved in machining the components for the parallel 
mechanism. In addition, since the kinematic parameters P 
are compensated or calibrated based on the inversely con 
verted command positions and the corresponding inversely 
converted actually measured positions which are obtained at 
every moment, the control is executed in dependence on the 
present kinematic parameters P which are accurate to cope 
with the thermal deformations of the mechanism compo 
nents, so that the positioning can be done precisely. More 
over, since feedback control is executed on the basis of the 
positions which have been calculated by the use of more 
accurate, updated kinematic parameters, the controllability 
(responsiveness) in position control can be remarkably 
improved, thereby resulting in an advantage that the opera 
tional speed and the locus-follow accuracy can be enhanced. 
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0090 Also in the control method for a three degree of 
freedom parallel mechanism in the modified form of the 
foregoing first embodiment typically shown in FIG. 5, since 
the timing at which the predetermined calibration is per 
formed based on the stored inversely converted command 
positions and the stored inversely converted actually mea 
sured positions is a time when the movable body 30 is not 
performing the machining of any workpiece, it does not 
occur that the kinematic parameters Pare altered during the 
machining of one workpiece, so that it can advantageously 
be realized to prevent any step or other mark caused by the 
alteration (i.e., compensation) of the kinematic parameters P 
from being formed on a finish surface of the workpiece. 
0091 Also in the control method for a three degree of 
freedom parallel mechanism in another modified form of the 
foregoing first embodiment typically shown in FIG. 6, the 
plural sets of command positions from which the inversely 
converted command positions are calculated are plural sets 
of particular positions which are necessary for identification 
of the kinematic parameters P. In this case, the spindle head 
30 is moved to the positions to which it is seldom moved 
during ordinary machining operations, and the information 
for identification of the kinematic parameters Pare gathered 
with the spindle head 30 being well-balanced. Therefore, 
advantages can be attained in that the identification of the 
kinematic parameters P is enhanced in accuracy or reliability 
and that the convergence calculations for identification can 
be made speedily. 
0092. Also in the control method for a three degree of 
freedom parallel mechanism in the foregoing first embodi 
ment typically shown in FIG. 5, since the plural sets of 
command positions from which the inversely converted 
command positions are calculated are a plurality of arbitrary 
positions to which the movable body 30 are positioned 
during the machining of a workpiece, it becomes possible to 
identify the kinematic parameters P without making the 
machine perform particular operations for the identification. 
Further, an additional advantage can be obtained in that the 
identification can be carried out to reflect the thermal 
deformation of the mechanism components during the actual 
machining of the workpiece. 
0093. Also in the control method for a three degree of 
freedom parallel mechanism in the foregoing first embodi 
ment typically shown in FIG. 5, since the convergence 
calculations (step S04) are made until errors dP of the 
kinematic parameters P become less than the predetermined 
tolerable value e (step S06), it becomes possible to reliably 
make the parameter errors dip Smaller than the tolerable 
value e, so that the machining accuracy can advantageously 
be enhanced. 

0094. Also in the control method for a three degree of 
freedom parallel mechanism parallel mechanism in the 
foregoing first embodiment typically shown in FIG. 5, the 
calculation for the kinematic parameters P is carried out in 
the least squares method based on the inversely converted 
actually measured positions calculated from the command 
positions of the number from which the inverse conversion 
expressions greater in number than the kinematic parameters 
are obtained. Thus, it can advantageously be attained to 
derive the correct kinematic parameters P speedily from the 
command and detected position information which have 
been gathered redundantly. 
0095 Also in the three degree of freedom parallel mecha 
nism in the foregoing first embodiment typically shown in 
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FIGS. 1 and 5, since the three movable body position 
detectors 45-47 for detecting the coordinate positions of the 
movable body 30 are arranged at the positions close to the 
movable body 30, the thermal deformation and the like of 
the members between the movable body 30 and the position 
detectors 45-47 hardly cause position detection errors to 
occur, so that the more accurate position of the movable 
body 30 can be detected to be used in feedback control. 
Thus, advantages can be obtained in that not only the 
positioning control becomes more accurate, but also the 
identified kinematic parameters P become more accurate. In 
addition, the provision of the calibration means (step S09) 
for compensating the old kinematic parameters P makes it 
possible to execute the feedback control using the more 
accurate, updated kinematic parameters, whereby it can 
advantageously be attained that not only the responsiveness 
(quick-response capability) in control is excellent, but also 
the operation speed and the locus-follow accuracy are high. 
0096. Also in the three degree of freedom parallel mecha 
nism in the foregoing first embodiment typically shown in 
FIGS. 1 and 5, since the three movable body position 
detectors 45-47 are arranged at positions closer to the 
movable body 30 than the positions where the actuator 
position detectors 41-43 are arranged, it can be realize to 
detect the more accurate positions on the three axes (Z. A 
and B) of the movable body 30 and to perform the feedback 
control using the detected positions, thereby advantageously 
resulting in improvement in controllability. 
I0097. Obviously, numerous further modifications and 
variations of the present invention are possible in light of the 
above teachings. It is therefore to be understood that within 
the scope of the appended claims, the present invention may 
be practiced otherwise than as specifically described herein. 

What is claimed is: 
1. A three degree of freedom parallel mechanism com 

prising: 
linear guides secured to a housing and extending in a 

Z-axis direction; 
a movable body; 
a movable body support structure guided by the linear 

guides to be movable along the linear guides in the 
Z-axis direction and Supporting the movable body to be 
pivotable along each of A and B-axes which are respec 
tively defined about two mutually intersecting pivot 
axes; and 

three actuators connected at their one ends to the housing 
and at their other ends to the movable body respectively 
through rod-like members for moving the movable 
body. 

2. The three degree of freedom parallel mechanism as set 
forth in claim 1, further comprising three movable body 
position detectors for detecting the position of the movable 
body, wherein the three movable body position detectors 
comprise a Z-axis position detector for detecting the position 
along the Z-axis of the movable body, an A-axis position 
detector for detecting the orientation along the A-axis of the 
movable body and a B-axis position detector for detecting 
the orientation along the B-axis of the movable body. 

3. The three degree of freedom parallel mechanism as set 
forth in claim 2, wherein the movable body support structure 
comprises: 

a first movable Support member guided along the linear 
guides in the Z-axis direction; and 
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a second movable Support member carried on the first 
movable support member to be pivotable along the 
A-axis and carrying the movable body to be pivotable 
along the B-axis. 

4. The three degree of freedom parallel mechanism as set 
forth in claim 1, further comprising: 

three drive sliders respectively guided movably along the 
linear guides; 

three rods interposed as the rod-like members between the 
three drive sliders and the movable body; 

first and second joints provided at opposite ends of each 
of the three rods for jointing the three drive sliders with 
the movable body respectively through the three rods; 
and wherein: 

the three actuators are linear actuators for respectively 
moving the three drive sliders along the linear guides; 
and 

one of each first joint and each second joint has two 
degrees of freedom while the other of each first joint 
and each second joint has three degrees of freedom. 

5. The three degree of freedom parallel mechanism as set 
forth in claim 2, further comprising: 

actuator position detectors for respectively detecting 
operational positions of the three actuators; and 

feedback control means for performing the feedback 
control of the three actuators based on information 
from the three movable body position detectors for 
detecting the position of the movable body; 

wherein the three movable body position detectors for 
detecting the position of the movable body are arranged 
at positions closer to the movable body than the posi 
tions where the actuator position detectors are 
arranged. 

6. The three degree of freedom parallel mechanism as set 
forth in claim 3, wherein: 

the Z-axis position detector is a position detector for 
detecting the position along the Z-axis of the first 
movable Support member; 

the A-axis position detector is a rotary position detector 
for detecting the pivotal position of the second movable 
Support member, and 

the B-axis position detector is a rotary position detector 
for detecting the pivotal position of the movable body 
relative to the second movable support member. 

7. The three degree of freedom parallel mechanism as set 
forth in claim 4, wherein: 

the linear guides comprise three parallel linear guides; and 
the three actuators provided bodily with the three linear 

guides for slidably moving the drive sliders along the 
linear guides. 

8. The three degree of freedom parallel mechanism as set 
forth in claim 4, wherein: 

the linear guides comprise three parallel linear guides 
which are circumferentially arranged at equiangular 
intervals about an axis parallel to the Z-axis and which 
extend in the Z-axis direction; 

the first movable Support member is an annular member 
which is secured to the three linear sliders guided along 
the three linear guides; 

the second movable Support member is an annular mem 
ber pivotably carried by a first pair of pivot shafts 
which are provided to protrude radially inward from the 
first movable support member; and 
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the movable body is a head unit pivotably carried by a 
second pair of pivot shafts which are provided to 
protrude radially inward from the second movable 
support member perpendicularly to the first pair of 
pivot shafts. 

9. The three degree of freedom parallel mechanism as set 
forth in claim 4, wherein the three linear actuators and the 
three rods are circumferentially arranged at equiangular 
intervals about an axis parallel to the Z-axis direction. 

10. The three degree of freedom parallel mechanism as set 
forth in claim 2, wherein: 

the A-axis position detector is arranged on the axis 
defining the A-axis thereabout; 

the B-axis position detector is arranged on the axis 
defining the B-axis thereabout which perpendicularly 
intersects the axis defining the A-axis thereabout; 

the Z-axis position detector is arranged on a Surface which 
includes an intersection point between the axes respec 
tively defining the A-axis and the B-axis thereabout and 
which is perpendicular to the Z-axis direction. 

11. The three degree of freedom parallel mechanism as set 
forth in claim 4, wherein: 

the joints each having the three degrees of freedom are 
spherical joints jointing the drive sliders respectively to 
the rods, while the joints each having the two degrees 
of freedom are universal joints jointing the rods to the 
movable body. 

12. The three degree of freedom parallel mechanism as set 
forth in claim 1, wherein the three actuators comprise three 
telescopic linear actuators, the mechanism further compris 
ing: 

three universal joints jointing respective one ends of the 
three telescopic linear actuators to three portions of the 
housing; and 

three spherical joints jointing respective output ends of 
the three telescopic linear actuators to the movable 
body. 

13. The three degree of freedom parallel mechanism as set 
forth in claim 1, wherein the three actuators comprises three 
rotary actuators secured to three portions of the housing, the 
mechanism further comprising: 

three first link levers secured at respective one ends 
thereof respectively to output ends of the three rotary 
actuators; 

three universal joints provided at respective other ends of 
the three first link levers; 

three spherical joints provided on the movable body; and 
three second link levers jointed at respective one ends 

thereof to the respective other ends of the three first link 
levers respectively through the three universal joints 
and jointed at respective other ends thereof to the 
movable body respectively through the three spherical 
joints. 

14. A multi-axis numerical control machine tool compris 
ing: 

a base; 
a work table provided on the base for Supporting a 

workpiece thereon; 
a column provided on the base, wherein the work table 

and the column are relatively movable on the base in an 
X-axis direction; 

a headstock mounted on the column to be movable in a 
Y-axis direction perpendicular to the X-axis direction; 

a spindle head mounted on the headstock; 
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a tool spindle rotatably supported in the spindle head for 
receiving a tool in one end thereof. 

the three degree of freedom parallel mechanism con 
structed as set forth in claim 1 and incorporated in the 
headstock, the parallel mechanism Supporting the 
spindle head to be movable in an Z-axis direction 
perpendicular to both of the X-axis direction and the 
Y-axis direction and to be pivotable along each of the 
A-axis and the B-axis which are respectively defined 
about the X-axis direction and the Y-axis direction; and 

a numerical control device for controlling linear move 
ments of the spindle head relative to the work table in 
three mutually perpendicular directions including the 
X-axis direction the Y-axis direction and the Z-axis 
direction and for controlling pivotal movements of the 
spindle head relative to the headstock along each of two 
axes including the A-axis and the B-axis which are 
respectively defined about the X-axis and the Y-axis; 

wherein the headstock and the spindle head are respec 
tively constituted by the housing and the movable body 
of the three degree of freedom parallel mechanism. 

15. A control method for a three degree of freedom 
parallel mechanism which moves a movable body, carried 
with three degrees of freedom, by three actuators, the 
method comprising: 

a command position inverse conversion step of inversely 
converting command positions of the movable body 
based on kinematic parameters to inversely converted 
command positions for the actuators; 

an actually measured position inverse conversion step of 
inversely converting actually measured positions of the 
movable body based on the kinematic parameters to 
calculate inversely converted actually measured posi 
tions of the actuators; 

a control step of feeding the inversely converted actually 
measured positions back to the inversely converted 
command positions to control the positions of the 
movable body; 

a storage step of storing plural sets of the inversely 
converted command positions and plural sets of the 
inversely converted actually measured positions 
respectively corresponding to the plural sets of 
inversely converted command positions; 

a kinematic parameter identification step of identifying 
the kinematic parameters included in inverse conver 
sion expressions for calculating the inversely converted 
command positions from the command positions, based 
on the stored plural sets of inversely converted com 
mand positions and the stored plural sets of inversely 
converted actually measured positions corresponding 
thereto; and 

a calibration step of compensating old kinematic param 
eters by the kinematic parameters which have been 
identified based on the stored plural sets of inversely 
converted command positions and the stored plural sets 
of inversely converted actually measured positions, at 
a predetermined calibration timing. 

16. The control method as set forth in claim 15, wherein 
the timing at which the predetermined calibration is per 
formed based on the stored plural sets of inversely converted 
command positions and the stored plural sets of inversely 
converted actually measured positions is a time when the 
movable body is not performing the machining of any 
workpiece. 
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17. The control method as set forth in claim 15, wherein 
the plurality of command positions from which the plural 
sets of inversely converted command positions are calcu 
lated are a plurality of particular positions which are nec 
essary for identification of the kinematic parameters. 

18. The control method as set forth in claim 15, wherein 
the plurality of command positions from which the plural 
sets of inversely converted command positions are calcu 
lated are a plurality of arbitrary positions to which the 
movable body is positioned during the machining of a 
workpiece. 

19. The control method as set forth in claim 15, wherein 
the kinematic parameter identification step includes a con 
vergence calculation step of performing convergence calcu 
lations until errors of the kinematic parameters become less 
than a predetermined tolerable value. 

20. The control method as set forth in claim 15, wherein 
the kinematic parameter identification step includes a least 
squares method step of performing calculations in the least 
squares method based on the inversely converted actual 
positions calculated from the command positions of the 
number from which the inverse conversion expressions 
greater in number than the kinematic parameters are 
obtained. 

21. A three degree of freedom parallel mechanism com 
prising: 

a movable body carried with three degrees of freedom 
three actuators connected to the movable body for moving 

the same; 
a control device connected to the three actuators for 

controlling the three actuators to move the movable 
body with the three degrees of freedom; and 

three movable body position detectors arranged on three 
axes corresponding to the three degrees of freedom or 
at positions which are onlines parallel to the three axes 
and which are in the neighborhood of the movable 
body, for detecting coordinate positions of the movable 
body in a three-axis coordinate system corresponding 
to the three degrees of freedom; 

wherein the control device comprises: 
command position inverse conversion means for 

inversely converting command positions for three axes 
of the movable body based on kinematic parameters to 
calculate inversely converted command positions for 
the actuators; 

actually measured position inverse conversion means for 
inversely converting actually measured positions of the 
movable body, detected respectively by the three mov 
able body position detectors, based on the kinematic 
parameters to calculate inversely converted actually 
measured positions of the actuators; 

control means for controlling the positions of the movable 
body by driving the three actuators while feeding the 
inversely converted actually measured positions back 
to the inversely converted command positions; 

position storage means for storing plural sets of the 
inversely converted command positions and plural sets 
of the inversely converted actually measured positions 
corresponding respectively thereto; 

kinematic parameter identification means for identifying 
the kinematic parameters included in inverse conver 
sion expressions which calculate the inversely con 
Verted command positions from the command posi 
tions, based on the plural sets of inversely converted 
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command positions and the corresponding plural sets of 
inversely converted actually measured positions which 
are stored in the position storage means; and 

calibration means for compensating old kinematic param 
eters by the kinematic parameters which have been 
identified based on the stored plural sets of inversely 
converted command positions and the stored plural sets 
of inversely converted actually measured positions, at 
a predetermined calibration timing. 
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22. The three degree of freedom parallel mechanism as set 
forth in claim 21, further comprising three actuator position 
detectors for respectively detecting the operational positions 
of the actuators, wherein the three movable body position 
detectors are arranged at positions closer to the movable 
body than the positions where the actuator position detectors 
are arranged. 


